ABSTRACT: Simulating protein flexibility is a major issue in the dockingbased drug-design process for which a single methodological solution does not exist. In our search of new anti-Alzheimer ligands, we were faced with the challenge of including receptor plasticity in a virtual screening campaign aimed at finding new β-secretase inhibitors. To this aim, we incorporated protein flexibility in our simulations by using an ensemble of static X-ray enzyme structures to screen the National Cancer Institute database. A unified description of the protein motion was also generated by computing and combining a set of grid maps using an energy weighting scheme. Such a description was used in an energy-weighted virtual screening experiment on the same molecular database. Assessment of the enrichment factors from these two virtual screening approaches demonstrated comparable predictive powers, with the energy-weighted method being faster than the ensemble method. The in vitro evaluation demonstrated that out of the 32 tested ligands, 17 featured the predicted enzyme inhibiting property. Such an impressive success rate (53.1%) demonstrates the enhanced power of the two methodologies and suggests that energy-weighted virtual screening is a more than valid alternative to ensemble virtual screening given its reduced computational demands and comparable performance.
■ INTRODUCTION
Biological molecules (proteins, DNA, RNA) are flexible entities that can experience dramatic movements when interacting with their binding partners (small ligands and other macromolecules). These conformational rearrangements can involve side chains, loops, and even entire domains. In pharmaceutically relevant biological targets this phenomenon is a critical feature that can significantly affect drug binding. Unfortunately, from a computational point of view, simulating target flexibility in docking calculations still remains a major issue for which no single optimal approach exists. Several approaches have been described to simulate protein flexibility 1 in docking calculations 2 in which receptor plasticity is taken into account before or after the simulation. In this respect, one of the most popular strategies is to utilize a variety of static target structures to represent a flexible receptor in drug design applications. 3, 4 The performance of this method, referred to as ensemble-docking, highly depends on the way the different protein conformations are detected and on the way these conformations are used in a docking calculation. Experimentally determined structures (Xray and NMR) can be successfully employed in an ensembledocking. Alternatively, computational methods can be used to generate different protein conformations. 5 Indeed, sufficiently fast methods have been proposed to include receptor flexibility during conformational search by varying the dihedral angles of a restricted number of side chains. 6−8 The main weakness of this approach resides in the selection of the side chains to be considered flexible, which might not always be clearly understood or be sufficient in the absence of backbone flexibility. On the other hand, small backbone rearrangements can be efficiently simulated by employing a "soft docking" 9 approach in which a tolerant interaction scoring function allows for limited ligand−receptor steric-clashes during docking simulations.
Ideally, the entire receptor plasticity should be considered during docking calculations, and in pioneering works this has been implemented using Monte Carlo methods, 10 molecular dynamics (MD) simulations, 11 and genetic algorithm-based search techniques. 12 Unfortunately, the main drawback of these methodologies is that they can be extremely time-intensive, hampering the screening of a chemically comprehensive database in a practical receptor-based virtual screening (RBVS). Nevertheless, such screens can be deeply impacted by the use of a rigid receptor structure since it can restrict the calculated binding pose of a specific ligand to a small fraction of the proper chemical space that could complement that receptor. 13 This, in turn, might lead to missing some borderline hits in the analyzed database.
In our search of new anti-Alzheimer ligands, 14 we were faced with the challenge of including receptor plasticity in a VS campaign aimed at finding new β-secretase (BACE-1) inhibitors. This enzyme plays a key role in the maturation and production of amyloid-β (Aβ) peptides whose extraneuronal accumulation constitutes a distinctive lesion of Alzheimer disease. Given the critical role played by BACE-1 in the production of Aβ peptides together with its druggable properties it is not surprising that the development of BACE-1 inhibitors has generated serious interest from both academia and pharmaceutical industries. 15, 16 BACE-1 is a structurally challenging protein target, featuring multiple sites for effective binding and an induced-fit upon ligand interaction. In particular, as already reported, 14 the flap region (residues 68−74) of the enzyme is known to undergo a massive rearrangement upon ligand binding. Moreover, some mobility is also expected for the 10s-loop (residues 9−14). Notably, the three-dimensional (3D) crystal structures of BACE-1 have been reported in complex with numerous structurally unrelated inhibitors, producing a variety of receptor states and enabling the employment of an ensemble docking approach in our calculations. In a previous paper 14 the use of an ensemble of five BACE-1 X-ray structures allowed the delineation of an exhaustive pharmacophore model for BACE-1 inhibitors. In this contribution, the same docking approach has been implemented in ensemble VS calculations (EVS) in which the National Cancer Institute (NCI) Diversity set was docked into the binding site of five different conformationally nonredundant BACE-1 structures.
In this case, the starting conformations of the protein could be combined into a unified description of the protein motion rather than sequentially docking the ligand to all the structures of the ensemble. For example, in previous work different protein 3D structures were superimposed, the similar parts merged and the conformationally different segments were treated separately thus achieving a "united protein representation". 17−19 In 2002 Goodsell and co-workers adopted four different methods of combining multiple target structures within a single grid-based lookup table of interaction energies. 20 Among these methods, an energy-weighted grid, developed by the authors, permitted consistent and accurate ligand docking, using a single grid representation of the target protein structures. To the best of our knowledge this method has not been employed in VS calculations. Therefore, in the present contribution the energy-weighted grid method was included in a VS calculation (EWVS) for the discovery of BACE-1 inhibitors.
Herein, the description of the two adopted methodologies is reported together with an analysis of the achieved computational results. The experimental results from in vitro inhibition verification against BACE-1 of the newly identified scaffolds are also reported.
■ RESULTS AND DISCUSSION
Analysis of BACE-1 Crystal Structures. The great interest in BACE-1 from both academia and industry is demonstrated by the exponentially growing number of crystal structures deposited in the Protein Data Bank. In 2000 Tang and coworkers deposited the first structure of BACE-1 in complex with the peptide inhibitor OM99-2. 21 Since then, around 180 structures have been deposited in the PDB in which the enzyme was crystallized in complex with different ligands or in its apo form. In a previous paper, 14 we identified the BACE-1 crystals that can represent the total enzyme flexibility in a set of conformationally nonredundant structures. The identification of these conformations was attained by visual inspection of all the available structures. Since then, new structures have been deposited in the Protein Data Bank. Therefore in the present study we have also included the new structures deposited up to December 2010.
To analyze the most relevant conformational differences, all available crystal structures were superimposed using 1XS7 22 as the reference structure. Table S1 in the Supporting Information reports the resulting root-mean square deviations (RMSD). A visual inspection of the aligned structures reveals that there are several conformational differences among the deposited crystal structures. As mentioned elsewhere, 14 the most evident difference among all the structures resides in the conformation of the flap region (residues 68−74). In particular, this portion of protein undergoes a swing motion, gradually covering the active site to facilitate the ligand binding process. Interestingly, the diverse ligand structures can induce different flap degrees of closures with a 2-aminoquinazoline inhibitor (PDB code 2Q11) 23 inducing the most widely open conformation and peptoid ligand (PDB code 3KYR) 24 inducing the most closed one (Figure 1 ). In our calculations, the structure having PDB code 1XN3 25 was considered as representative of the open conformation of the flap region ( Figure 1 ). Also the 10S-loop (residues 9−14), a short loop located between two strands at the base of the S3 subpocket, displays three main low-energy conformations, a closed, an open, and an outlier conformation. The structures with PDB codes 1FKN, 21 1W51, 26 and 1TQF 27 can be considered representative of these three conformations, respectively (Table S2 in the Supporting Information reports the PDB codes of the analyzed structures clustered according to their conformational behavior). Additionally, a degree of flexibility can be detected in the side chains of several residues present in the binding site (Leu30, Arg128, Lys224, Arg235, Arg307). The side chain conformations of the latter residues can be sufficiently described by the structures representing the flap and 10s loop motions (PDB codes 1XN3, 1FKN, 1W51, and 1TQF) and by an additional one having PDB code 2G94.
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Ensemble Virtual Screening (EVS). The diversity set of the NCI database was docked to the five structures selected to represent the BACE-1 flexibility. The NCI diversity library is a reduced set of 1597 compounds selected from the original NCI-3D structural database for their unique scaffolds. The selection process is outlined in more detail at the NCI Developmental Therapeutic Program Web site. 29 In our computations we used a modified version of the database which was processed according to the ZINC protocol. 30 In this version all of the compounds were present in different protonation and tautomeric forms, thus accounting for all of their biologically relevant forms. In addition, the 3D structures of 45 known active inhibitors (Table S3 in the Supporting Information) were added to the database (approximately 2%). The resulting set of compounds was docked in the binding site of 1FKN, 1TQF, 1W51, 1XN3, and 2G94 structures. All calculations were performed with the current version of AutoDock (AutoDock4.2, AD4).
31 AD4 calculated for each ligand different alternative binding poses with an associated free energy of binding (ΔG bind ) which were then clustered according to their RMSD, thus allowing calculation of the frequency of occurrence (F occ .) of each conformation. Therefore, for each of the five VS we considered the solution having the lowest ΔG bind among all the predicted conformations (Lowest Overall Energy, LOE) together with the lowest energy conformation belonging to the most populated cluster (Lowest Energy of Best Cluster, LEBC). Considering both the LOE and LEBC conformations may have positive effects on the screening results. Indeed, in the ideal situation the two solutions would coincide, but in several cases they diverge and usually the preference is given to the LOE one. In our opinion, it would be also worth considering the frequency of occurrence, especially in cases where the best solution is poorly represented among the predicted ones. 32 Therefore, for each ligand two rankings were achieved (LOE and LEBC solutions) considering the associated ΔG bind and F occ. . Discarded from the solutions were those having a ΔG bind more than −10 kcal/mol and a F occ. less than 10 out of 100. In all five virtual screens the cutoff value of −10 kcal/mol was chosen as the average ΔG bind since the known active compounds were predicted to be around −10 kcal/mol in each. Additionally, the cutoff value of 10/100 for the F occ. was chosen as it represents 10% of the total number of solutions achieved per docking calculation. The two rankings (LOE and LEBC solutions) were then unified. In the unified ranking each ligand was represented by its LOE solution if present, otherwise the cluster one was retained if it satisfied the aforementioned filtering. Such a process eventually led to 5 different rankings that were subsequently unified using a parallel selection method. 33, 34 Virtual Screening Using Energy Weighted Grids (EWVS). In AD4, the protein is described by a set of grid maps, one for each atom type of the ligand. These precalculated grids of interaction energy are achieved through the program AutoGrid4, which places probe atoms (one for each ligand atom type) at discrete points in the space around the target protein and then associates to this point the values of interaction energies between the probe and the surrounding protein atoms. The employment of these grids of interaction energy values in docking calculations has the advantage of accelerating the docking process since only a simple interpolation is needed to calculate the interaction energy of a specific ligand conformation in a protein rather than the computation of the pairwise atomic interaction energies when the protein is explicitly treated. In the above-mentioned grids the regions occupied by the receptor are described by high positive values, and accessible regions are described by negative values of a few kcal/mol. The description of a protein through grid maps can also allow the inclusion of protein flexibility in docking calculations. In fact, if several conformations of the protein are available, a set of different maps can be computed for each of them. Then, these grids can be combined into a single set of maps derived from such the combination. As reported by Österberg et al., 20 among the several methods to combine these maps the energy weighting scheme seems to be the most physically meaningful. According to this scheme, a weighted average of the energies is computed at each point of the grid, and the weight (W) is calculated using the Boltzman assumption based on the interaction energy (ΔG)
The calculated weights are normalized as the average is calculated. In such a function when points in any of the grids have negative values, then the associated weight will prevail in the average. On the contrary, in highly repulsive regions where points from all grids have positive values, the average will be described by a positive value.
The above-described method was used to calculate the energy-weighted grids for BACE-1. In principle all the available crystal structure could have been used in the computation of the energy-weighted grids. Nevertheless, it is worth noting that the grids are calculated as an average of the energies of each individual conformation, weighted by how often we would expect to find them in the ensemble. Therefore, the inclusion of some redundant structures would have given a higher weight to these conformations, thus biasing the result of the energyweighted grids.
Starting from these considerations we decided to employ the same 5 crystals (PDB codes 1FKN, 1TQF, 1W51, 1XN3, 2G94) that were used for the EVS. This also allowed a direct comparison of the results of the two computational strategies. As an example, Figure 2 depicts the calculated oxygen maps for the highly flexible Arg235 and, for comparison, the standard oxygen energy grid calculated on 1FKN. In the latter, it is evident that the favorable interaction energies are located near the H-bond donors (Figure 2 panel a) , while the unfavorable contours are present in the region occupied by the protein atoms (Figure 2 panel b) . In the energy-weighted grids the favorable interaction energies are located around the H-bond donors of all the considered structures (Figure 2 panel c) , while the unfavorable interaction energies are located only in the regions that are more frequently occupied by the atoms of all the considered proteins (Figure 2 panel d) .
These energy grids were used to perform the EWVS calculation on the same database used for the EVS. The C screened database was then ranked according to the predicted ΔG bind values, and the filtering scheme applied for the EVS was also used in the EWVS. All the solutions not satisfying the filtering scheme were not considered further.
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EVS and EWVS Performance. The 45 known inhibitors included in the screened database allowed evaluation of the performance of the two adopted VS approaches. A broadly used index to measure a VS calculation is the enrichment factor, defined as the percentage of known inhibitors in a specified top percentage of the ranked database Figure 3 shows the enrichment results of the EVS and EWVS. Detailed data are presented in Table 1 , showing the enrichment factors at several different database percentages (1, 2, 5, and 10%). Results of single rigid-receptor docking are also given in Figure 3 and Table 1 for comparison. As expected, and depicted in Figure 3 , the EVS performs better than the VS on each single rigid receptor. From Figure 3 it seems that two VSs conducted on the single receptor (against 1FKN and 1TQF) perform better that EVS (blue line) at lower percentages of the ranked database (0%−3%). Indeed in 1FKN for some positive controls the LOE conformation has very low ΔG bind values. Nevertheless, these binding poses belong to clusters populated by less than ten individuals. As previously mentioned these conformations were discarded in EVS. As depicted in Figure 3 , all the single receptor VSs placed 100% of the active compounds in the top 50% of the ranked database, while the EVS placed all of them in the top 25% the ranked library. Therefore, as expected the inclusion of protein flexibility has a positive effect on docking calculations with BACE-1, suggesting that this is a beneficial strategy in receptor based VS simulations. With regard to EWVS, a different trend was observed. In fact, at lower percentages of the ranked database (0%-8%) EWVS performs worse than the EVS. In the 10% level of the ranked databases the two methodologies have the same performance. Then, as depicted in Figure 3 , the EWVS outperforms the EVS at higher percentages of the database and is able to pick 100% of the active compounds within just 20% of the database.
Biological Results. The filtering scheme applied to the EVS and EWVS produced 241 and 218 compounds, respectively. These sets of ligands were visually inspected in their predicted binding poses, and only the ones that were able to establish favorable (H-bond, ionic) interactions with the catalytic aspartates (Asp32 and Asp228) were retained. From the two resulting rankings (one for each VS) the top 20 compounds were selected resulting in a set of 40 ligands (12 ligands were predicted to be top ranked by both methodologies and these were chosen only once). These compounds were obtained from the NCI (NCI/DTP Open Chemical Repository, http://dtp.cancer.gov). Prior to biological testing, compound composition and purity were evaluated through NMR spectroscopy ( 1 H NMR) and mass spectrometry. Unfortunately, for six compounds experimental data did not confirm the claimed structure and therefore were discarded. More precisely, three were chosen from EVS, two from EWVS, and one from both methodologies. Standard FRET methodology was used to evaluate BACE-1 inhibition of the remaining 34 test compounds. Two methods were adopted; method a) employs a peptide characterized from the Swedish mutated form of APP having (7-methoxycoumarin-4-yl)acetyl and dinitrophenyl as the fluorescent and quencher groups, respectively. In method b), rhodamine is the fluorescent group of the substrate, while the quencher has an undisclosed structure. After enzymatic hydrolysis, substrate A gives a fluorescent product that emits at 405 nm, in a spectral region where many synthetic and natural ligands (carrying in their structure fluorescent aromatic rings and/or heterocycles) can interfere. For this reason, method b) was applied as an alternative to overcome the problem of the inhibitors' intrinsic fluorescence as the cleavage product is detected at high and selective wavelengths (λexc/em = 544/590 nm). To exclude the presence of promiscuous inhibitors both the aforementioned assay methods were carried out in the presence of a proper detergent (CHAPS). 35 Of the 34 selected compounds 2 were not tested due to solubility issues; these ligands were from the EVS ranking. In Table 2 , the compounds which were found to be active in the in vitro inhibition FRET assays are reported. Those compounds which showed interfering spectroscopic properties were assayed with method b). A majority of the molecules (17 out of 32) were able to inhibit BACE-1 (Table  2) , the most active having IC 50 values in the low micromolar range (1−5). Importantly, they were characterized by new structural features rather different from those of the already known BACE-1 inhibitors. Peptidic OM99-2 and inhibitor IV were used as standard potent peptidic inhibitors, 36, 37 that showed equivalent nanomolar potencies with both methods a) and b). From the medicinal chemistry point of view, the newly discovered chemotypes exhibit significant molecular dissimilarities from the already known BACE-1 inhibitors and might represent promising nonpeptidic hits to undergo subsequent 

■ CONCLUSIONS
The present lead-discovery campaign was highly successful because out of 32 tested compounds 17 of them displayed detectable BACE-1 inhibiting properties with an overall success rate of 53.1%. This is well above the success rates we have ever obtained with AD4, 38−40 and, more generally, it places the present study among the best performing examples of VS experiments. Such success should be ascribed to the inclusion of protein flexibility in VS calculation. In considering the performance of the two adopted methods, EVS slightly outperforms the EWVS, having a 50.0% versus a 38.4% success rate, respectively. As already mentioned by Osterberg et al. 20 the application of energy-weighted grids for docking with AD4 could be limited in the case of higher degrees of protein flexibility such as the flap swing motion. Nevertheless, when applying such a methodology in high-throughput docking, the computing demands should also be considered. From, this point of view, EWVS is as fast as a single rigid receptor VS with AD4, while EVS requires a computational demand that grows linearly with the number of receptor conformations. Moreover, with this approach the individual VS's result in a number of different rankings that must subsequently be integrated into a single one, employing one of the available integration models, which can arbitrarily influence the outcome of the VS campaign.
In conclusions, in the present study two different models of protein flexibility were employed in a practical VS campaign in the search for new BACE-1 inhibitors. The outstanding results outlined that including protein plasticity in the case of BACE-1 is mandatory to achieve higher success rates. Most importantly, this study also suggests the EWVS as a valid alternative to the more computationally intensive EVS. In fact, the two methodologies, while demonstrating similar predictive power, differ in their computational demands, making EWVS more suitable for screening large molecular databases in a real drugdiscovery campaign. 31 software package, as implemented through the graphical user interface AutoDockTools (ADT), was used to dock small molecules to different conformations of BACE-1 coming from X-ray crystallography studies. This software has already been proven to be successful in enabling the identification of active hits in several virtual screening campaigns. 37 The enzyme files were prepared using published coordinates (PDB codes 1FKN,  21 1TQF,  27 1W51,  26 1XN3,   25 and 2G94 28 ). The terminal residues were modified to charged quaternary amine and carboxylate forms. All atom values were generated automatically by ADT. The docking area was assigned visually around the enzyme active site. A grid of 60 Å × 60 Å × 60 Å with 0.375 Å spacing was calculated around the docking area for 13 ligand atom types using AutoGrid4. These atom types were sufficient to describe all atoms in the NCI database. The resulting 5 sets of grids (one for each BACE-1 chosen conformation) were also combined to calculate another set of grids following the above-described weighting scheme.
For VS, compound structures of the NCI Diversity Set were prepared using the ZINC database server (http://zinc.docking. org/) 30 to take into account the different protomeric and tautomeric states of each compound. All the ligands were then converted into the AutoDock format file (.pdbqt). For each ligand, 100 separate docking calculations were performed. Each docking calculation consisted of 10 million energy evaluations using the Lamarckian genetic algorithm local search (GALS) method. The GALS method evaluates a population of possible docking solutions and propagates the most successful individuals from each generation into the subsequent generation of possible solutions. A low-frequency local search according to the method of Solis and Wets is applied to docking trials to ensure that the final solution represents a local minimum. All dockings described in this paper were performed with a population size of 150, and up to 300 rounds of Solis and Wets local search were applied with a probability of 0.06. A mutation rate of 0.02 and a crossover rate of 0.8 were used to generate new docking trials for subsequent generations, and the best individual from each generation was propagated to the next generation. The docking results from each calculation were clustered on the basis of root-mean-square deviation (RMSD) between the Cartesian coordinates of the atoms and were ranked on the basis of free energy of binding. The top-ranked compounds were visually inspected for good chemical geometry.
FRET Inhibition Studies. FRET inhibition studies were performed using the following procedures:
Method a): 5 μL of a test compound (or DMSO) was preincubated with 175 μL of BACE-1 (17.2 nM, final concentration) in 20 mM sodium acetate pH 4.5 containing CHAPS (0.1% w/v) for 1 h at room temperature. M-2420 (3 μM, final concentration) was then added and left to react for 15 min at 37°C. The fluorescence signal was read at λ em = 405 nm (λ exc = 320 nm). DMSO concentration in the final mixture was maintained below 5% (v/v) to guarantee no significant loss of enzyme activity. Method b): stock solutions of tested compounds were prepared in DMSO and then diluted in 20 mM sodium acetate buffer pH 4.5. Both an aliquot of 20 μL of this last dilution and For a full explanation of the two different methods employed for BACE-1 inhibition assays see Experimental Methods. Fluorescence intensities with and without inhibitors were registered and compared. The percent inhibition due to the presence of test compounds was calculated. The background signal was measured in control wells containing all the reagents, except hrBACE-1, and subtracted. The % inhibition due to the presence of the test compound was calculated by the following expression: 100 − (IF i /IF o × 100) where IF i and IF o are the fluorescence intensities obtained for hrBACE-1 in the presence and in the absence of inhibitor, respectively. 41 Inhibition curve was obtained by plotting the % inhibition versus the logarithm of inhibitor concentration in the assay sample. The linear regression parameters were determined and the IC 50 interpolated (GraphPad Prism 4.0, GraphPad Software Inc.).
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For compounds that at 100 μM showed an inhibition lower than 50%, IC 50 values were obtained by the following formula: IC 50 = [I](100/% inhibition − 1), where [I] is the concentration of the tested inhibitor and % inhibition is the observed inhibition percentage. 42 Further confirmation of the inhibiting properties of the reported compounds has also been assessed with different experimental methodologies developed by us and reported elsewhere. Additional tables describing the conformations of the X-ray BACE-1 structures, the structures of the used positive controls, and 1 H NMR and MS for the BACE-1 inhibitors reported in Table 2 . This material is available free of charge via the Internet at http://pubs.acs.org.
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